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Extrachromosomal Recombination Substrates
Recapitulate beyond 12/23 Restricted
V(D)J Recombination in Nonlymphoid Cells
lated on several levels, including order of rearrangement
(e.g., D-J before V-DJ), allelic exclusion through
feedback regulation via the products of successful re-
combination events to shut down further rearrangement,
temporal specificity (e.g., TCR before TCR), and cell
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cytes, but not in B lymphocytes; Hesslein and Schatz,Department of Genetics
2001; Bassing et al., 2002). Early sequence analysis ofHarvard Medical School
antigen receptor gene segment flanking regions showedBoston, Massachusetts
that RSs are comprised of a well-conserved heptamer2 Howard Hughes Medical Institute and
and nonamer (CACAGTG and ACAAAAACC), separatedSection of Immunobiology
by a less well-conserved 12 or 23 base pair (bp) spacerYale University School of Medicine
(Max et al., 1979; Sakano et al., 1979). This discoveryNew Haven, Connecticut 06510
led to the proposal that V(D)J recombination was only
permitted between a gene segment flanked by a 12 bp
spacer RS and a gene segment flanked by a 23 bpSummary
spacer RS (Early et al., 1980), a hypothesis now known
as the 12/23 rule. While the RAGs alone can partiallyV(D)J recombination occurs efficiently only between
establish 12/23 restriction in vitro (van Gent et al., 1996),gene segments flanked by recombination signals
complete restriction and efficient RAG-mediated cleav-(RSs) containing 12 and 23 base pair spacers (the 12/
age requires the addition of whole cell extracts (Eastman23 rule). A further limitation “beyond the 12/23 rule”
et al., 1996; Sawchuk et al., 1997). The requirement for(B12/23) exists at the TCR locus and ensures D
extracts probably reflects the role played by chromatin-usage. Herein, we show that extrachromosomal V(D)J
associated high-mobility group (HMG) proteins, whichrecombination substrates recapitulate B12/23 restric-
comprise a family of widely expressed factors that bindtion in nonlymphoid cells. We further demonstrate that
and bend DNA nonspecifically with respect to sequencethe V coding flank, the 12-RS heptamer/nonamer,
(Thomas and Travers, 2001). HMG1 (or HMG2) stimu-and the 23-RS spacer each can significantly influence
lates RAG-mediated cleavage (van Gent et al., 1997;B12/23 restriction. Finally, purified core RAG1 and
Sawchuk et al., 1997), and HMG1 is required for 12/23-RAG2 proteins (together with HMG2) also reproduce
restricted hairpin formation in vitro (Hiom and Gellert,B12/23 restriction in a cell-free system. Our findings
1998; Kim and Oettinger, 1998; West and Lieber, 1998).indicate that B12/23 restriction of V(D)J recombination
The 12/23 rule is therefore most likely enforced by physi-is cemented at the level of interactions between the
cal constraints inherent within a functional synapticRAG proteins and TCR RS sequences.
complex, although a complete description of these con-
straints remains elusive. While the 12/23 rule representsIntroduction
an important regulatory mechanism for V(D)J recombi-
nation, additional restrictions must be invoked to fullyCombinatorial diversity of antigen receptor variable re-
account for the primary rearrangement patterns ob-gion exons is generated through the site-specific as-
served at different antigen receptor loci in vivo. In thesembly of variable (V), diversity (D), and joining (J) gene
T cell receptor (TCR)  locus, for example, V RSs and
segments, a reaction known as V(D)J recombination
3D RSs contain 23 bp spacers, while 5D RSs and J
(Tonegawa, 1983). Initiation of V(D)J recombination oc-
RSs contain 12 bp spacers (Figure 1A; see Supplemental
curs when RAG-1 and RAG-2 (RAGs) recognize and bind Table S1 at http://www.immunity.com/cgi/content/full/
to recombination signal sequences (RSs), located at the 18/1/65/DC1). Direct V-J joining would, therefore, be
flanks of V, D, and J gene segments. Following RS recog- permitted by the 12/23 rule at this locus; however, it is
nition and binding, the RAGs introduce single-stranded rarely observed in vivo (Born et al., 1985; Ferrier et al.,
nicks precisely at the border between the RS and the 1990; Sleckman et al., 2000). Modifications of the endog-
coding sequence of the two segments undergoing re- enous murine TCR locus have further shown that a
combination. The RAGs then catalyze nucleophilic at- 5D 12-RS is necessary and sufficient to direct V gene
tack by the free 3-OH on the opposite strand, resulting segment rearrangement (Sleckman et al., 2000; Bassing
in coding end hairpin and blunt, 5phosphorylated signal et al., 2000). Thus, in a simplified TCR locus where the
end formation (Fugmann et al., 2000a). Finally, ubiqui- DJ2 cluster has been deleted, either removal of the D
tously expressed nonhomologous DNA end-joining pro- segment or replacement of the 5D1 12-RS with a J
teins process and religate the four broken ends (Bassing 12-RS prevents V rearrangement. However, replace-
et al., 2002). Six antigen receptor loci are known to ment of a J 12-RS with the 5D1 12-RS, in the absence
undergo V(D)J recombination in vivo, ultimately generat- of a D segment, allows for direct V-J joining (Bassing
ing / or / T lymphocytes and surface Ig B lympho- et al., 2000). These experiments demonstrated that re-
cytes. V(D)J recombination at endogenous loci is regu- striction “beyond the 12/23 rule” (B12/23) exists in the
TCR locus, such that V gene segment rearrangement
is limited to those gene segments flanked by a 5D 12-* Correspondence: alt@rascal.med.harvard.edu
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Figure 1. Experimental Strategy
(A) Diagram of the TCR locus highlighting
different RS spacer lengths found in the lo-
cus. 23-RSs are shaded in black and 12-RSs
are white. (B) General format of the con-
structs used in this study. See Experimental
Procedures for details. (C) The V14 23-RS
rearranges equally to two identical 5D1 12-
RSs in the substrate.
RS. Any potential mechanism for B12/23 restriction must Experimental Procedures). After cotransfection with
plasmids directing the expression of full-length RAG1rely on nucleotide sequence differences between the
and RAG2 proteins into chinese hamster ovary (CHO)5D1 12-RS and the various J 12-RSs. cis-acting
cells, the substrates were recovered and digested withphysical constraints might promote efficient synaptic
a restriction enzyme to decrease the amount of unre-complex formation between V 23-RSs and 5D 12-
arranged substrate (see Experimental Procedures). Fol-RSs, but not between V 23-RSs and J12-RSs. Alterna-
lowing digestion, PCR was performed on the recoveredtively, B12/23 restriction might be enforced by specific
DNA (25 cycles of amplification using serial 10-fold dilu-trans-acting factors that bind particular RSs and pro-
tions of input DNA). Southern blotting of the PCR prod-mote their accessibility to the RAG proteins. With re-
ucts and hybridization to an oligonucleotide probe con-spect to trans-acting factors, the presence of a func-
firmed the identity of the amplified fragments (Figuretional TATA transcriptional initiation box in the murine
1B). All data presented are representative samples taken5D1 12-RS (Sikes et al., 1998; Doty et al., 1999) also
from a minimum of three repeated experiments.raises the possibility that B12/23 restriction could be
This method of detection accurately represented 10-established by processes associated with transcription.
fold differences between the two expected recombina-To evaluate the potential contributions of cis-acting
tion products in control experiments, indicating thatmechanisms in the establishment of B12/23 restriction,
there was no PCR bias toward shorter products underwe have analyzed V(D)J recombination products gener-
the conditions used (Supplemental Figure S3 at http://ated from extrachromosomal substrates in nonlymphoid
www.immunity.com/cgi/content/ full /18/1/65/DC1) .cells and cleavage of such substrates by the RAG pro-
To confirm that there was no inherent bias toward eitherteins in a cell-free system.
12-RS position within our substrates, we demonstrated
that the V14 23-RS recombined equally to two identical
Results 5D1 12-RSs (Figure 1C). Therefore, this system pro-
vides a method to rapidly screen, by direct competition,
Experimental Strategy the relative ability of any 23-RSs to recombine with two
For our transient transfection assays, we engineered a different 12-RSs. As an independent detection method,
parent plasmid substrate to contain unique restriction we also tested this control substrate in the bacterial
sites for rapid oligonucleotide subcloning of RS se- drug selection assay (Hesse et al., 1987). Any rearrange-
quences. We cloned each RS with 10 bp of attached ment of the substrate removes a bacterial transcriptional
native coding flank, as coding flank sequence can influ- terminator and allows expression of the chlorampheni-
ence recombination efficiency (Gerstein and Lieber, col acetyltransferase (CAT) gene, which confers resis-
1993; Ezekiel et al., 1995). The substrates all contained tance to chloramphenicol. Since the plasmid substrate
one 23-RS competing for two 12-RSs, with the two 12- also confers resistance to ampicillin, recombination fre-
RSs separated by 140 bp to create a PCR-detectable quency is expressed as a ratio of ampicillin  chloram-
size difference for the two potential rearrangements phenicol resistant colonies/ampicillin resistant colonies
(Figure 1B). We initially tested the same spacing be- following transformation of recovered plasmids into
tween the 23-RS and the proximal 12-RS found in a competent E. coli. In contrast to the PCR findings, we
widely used recombination substrate (pJH290; Lieber et found that there was consistently a large bias toward
al., 1988). However, efficient, unbiased recombination recovery of the proximal rearrangement product in the
with the two 12-RSs, as detected by PCR, required addi- bacterial colony assay (data not shown). To explore this
tion of an extra 100 bp segment between the 23-RS and finding, we mixed equal amounts of purified proximally
the proximal 12-RS, consistent with published reports and distally rearranged plasmids and showed, as ex-
pected, that the PCR assay detected each plasmid(Sheehan and Lieber, 1993; Eastman et al., 1996; see
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equally; further, transformation of the mixture into bacte-
ria and selection with ampicillin alone led to equal recov-
ery of each plasmid (data not shown). However, upon
selection with ampicillin and chloramphenicol, greater
than 90% of the recovered plasmids were proximally
rearranged, indicating that rearrangements to this posi-
tion are selected preferentially with respect to chloram-
phenicol resistance (data not shown). These findings
invalidated the further use of the drug selection assay
for evaluation of competitive substrates. Therefore, we
used the PCR-based assay for all further experiments.
Reconstitution of B12/23 Restriction
in Nonlymphoid Cells
We first tested whether the V14 23-RS would undergo
B12/23-restricted V(D)J recombination when given a
choice between a 5D1 12-RS and a J1.4 12-RS. Anal-
ysis of this plasmid substrate showed that B12/23 re-
striction was maintained in CHO cells, as virtually all
V14 23-RS rearrangements occurred with the 5D1
12-RS (Figure 2A, substrate 3). Rearrangements consis-
tently tracked with the 5D1 12-RS, even when we
swapped the position of the 5D1 12-RS with the J1.4
12-RS (Figure 2A, substrate 4). Rearrangement occurred
at extremely low levels when the V14 23-RS chose
from two identical J1.4 12-RSs, demonstrating that the
5D1 12-RS did not simply out-compete the J1.4 12-
RS on a kinetic basis (Figure 2A, substrate 2). The pres- Figure 2. Beyond 12/23 Restriction of V(D)J Recombination in Non-
lymphoid Cellsence of a band detecting unrearranged substrate con-
firmed approximately equal plasmid recovery from all PCR reactions were carried out in 10-fold serial dilutions, on total
recovered plasmid populations following cotransfection with RAGsamples (data not shown). As above, we showed that
expression constructs. After separation of the products through athe V14 23-RS recombined equally with two 5D1 12-
1.2% agarose gel, Southern blotting was carried out and an oligonu-RSs in each experiment (Figure 2A, substrate 1). We
cleotide probe was used to detect the PCR products. (A) The posi-
also confirmed these results in nonlymphoid NIH 3T3 tion of the 5D1 12-RS was varied in the substrates. RSs in the
cells to ensure that the findings were not a CHO cell substrates are listed from top to bottom, which corresponds to
artifact (data not shown). These findings demonstrate 5→3 in Figure 1B. (B) All six J1 12-RSs were assessed for their
ability to compete with the 5D1 12-RS for the V14 23-RS. Thethat B12/23 restriction can be recapitulated using plas-
first lane is a size marker for the expected rearrangement products.mid substrates in nonlymphoid cells and suggest that
(C) The 3D1 23-RS was analyzed for rearrangement with either thethe elements necessary to establish B12/23 restriction
5D1 12-RS or the J1.4 12-RS (substrate 1), and for rearrangement
are not exclusive to developing lymphocytes. Since the with either the 5D2 12-RS or the J1.4 12-RS (substrate 2). The
V14 23-RS does not rearrange at readily detectable V14 23-RS was analyzed for rearrangement with either the 5D1
levels with any J1 12-RS in vivo, we tested whether 12-RS or the J1.4 12-RS (substrate 3) and for rearrangement with
either the 5D2 12-RS or the J1.4 12-RS (substrate 4).recombination in substrates maintained this restriction.
Substrates in which each of the J1 12-RSs competed
with the 5D1 12-RS for rearrangement with the V14
23-RS showed that the V14 23-RS always maintained and to see if V to DJ2 rearrangements also occur in
an unequivocal preference for the 5D1 12-RS (Figure a B12/23 restricted manner, we tested whether the V14
2B). As approximated by PCR following 10-fold serial 23-RS remained B12/23 restricted when given a choice
dilutions of recovered substrates, the preference by the between a 5D2 12-RS and a J1.4 12-RS. The 5D2
V14 23-RS for the 5D1 12-RS ranged from 100:1 when 12-RS lacks the TATA sequence but is otherwise very
competing for the J1.1 12-RS to 500:1 when competing similar to the 5D1 12-RS (Supplemental Table S1A at
for the other J1 12-RSs (Figure 2B). This result indi- http://www.immunity.com/cgi/content/full/18/1/65/
cated that B12/23-restriction of V(D)J recombination is DC1). We found that the V14 23-RS greatly preferred
a property common to all J 12-RSs, a result that is fully the 5D2 12-RS to a level similar to which it preferred
consistent with in vivo observations. the 5D1 12-RS (e.g., 500:1), indicating that a TATA
element is not required to establish B12/23 restriction
(Figure 2C, substrates 3 and 4). This result also showsThe TATA Box within the 5D1 RS Does Not Enforce
B12/23 Restriction that the V14 23-RS maintains B12/23 restriction when
rearranging to DJ2 gene segments, which until nowSince the murine 5D1 12-RS contains a functional
TATA element (Sikes et al., 1998; Doty et al., 1999), has not been formally demonstrated either in vivo or in
vitro. Taken together, these data indicate that neither ait was possible that transcription initiation within the
substrates focused rearrangement of the V14 23-RS lymphoid-specific trans-acting factor nor the presence
of a functional TATA element is required to establishto the 5D1 12-RS. To formally evaluate this possibility
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substrates for V 23-RSs regardless of their locations
in the endogenous locus, although it does appear to
show the lowest degree of restriction for the V18 23-RS,
which also has the poorest efficiency of rearrangement.
The 3D 23-RS Is Not B12/23 Restricted
While a cis-acting B12/23 restriction appears to prevent
direct V-J rearrangement, the 3D1 23-RS is clearly
capable of mediating rearrangement with J 12-RSs in
vivo. We therefore assessed the ability of the 3D1 23-
RS to recombine with either J 12-RSs or the 5D1 12-
RS in transient substrates. The 3D1 23-RS rearranged
roughly equally to both the 5D1 12-RS and each of
the six J1 12-RSs, indicating that there is no sequence-
specific block to 3D1 23-RS rearrangement with J1
12-RSs (Figure 3B). Furthermore, the 3D1 23-RS re-
arranged with both a 5D2 12-RS and J1.4 12-RS,
suggesting that there is also no sequence-mediated
B12/23 restriction to block D1-D2 joining in the TCR
locus (Figure 2C, substrate 2). We conclude that re-
arrangement by the 3D1 23-RS occurs in a non-B12/
Figure 3. Different V 23-RSs Do Not Rearrange with J 12-RSs,
23 restricted manner in transient substrates with respectwhile the 3D1 23-RS Rearranges with All J 12-RSs
to the 5D and J 12-RSs.RSs in the substrates are listed from top to bottom, which corre-
sponds to 5→3 in Figure 1B. (A) V2, V4, V5.2, V18, and V14
were assayed for preference of rearrangement with the 5D1 12- The V Coding Flank, 12-RS Heptamer/Nonamer,
RS or the J1.4 12-RS. The bottom panel is a longer exposure of and 23-RS Spacer Sequences Influence
the top panel. (B) All six J1 12-RSs were tested for their ability to B12/23 Restriction
compete with the 5D1 12-RS for the 3D1 23-RS.
Heptamers/nonamers, spacers, and coding flanks can
all influence the efficiency of V(D)J recombination (Hesslein
and Schatz, 2001; Feeney et al., 2000). To evaluate po-
B12/23 restriction in extrachromosomal V(D)J recombi-
tential contributions of these sequences to B12/23 re-
nation. We conclude that constraints inherent to the
striction, we tested a series of hybrid 12- and 23-RSs.
nucleotide sequences of RS elements impose B12/23
We first dissected the J1.4 12-RS, as the V14 23-
restriction of V(D)J recombination.
RS prefers the 5D1 12-RS roughly 500:1 (Figure 3A),
despite the close sequence similarity between these two
12-RSs relative to the other J1 12-RSs (SupplementalDifferent V 23-RSs Are B12/23 Restricted
to the 5D1 12-RS Table S1A at http://www.immunity.com/cgi/content/full/
18/1/65/DC1). First, we replaced the entire J1.4 12-To test whether the B12/23 restriction seen in our initial
assays fully reflected the B12/23 restriction observed in RS with the 5D1 12-RS, while maintaining the J 1.4
coding flank (J1.4:5D1 12-RS). We found that the V14vivo, we next assayed V 23-RSs located at different
distances from the DJ1 cluster in the endogenous 23-RS rearranges to both the 5D1 12-RS and to the
hybrid J1.4:5D1 12-RS, with the results ranging be-TCR locus. V2 is at the extreme 5 end of the TCR
locus, while V14 lies 3 of the TCR enhancer and tween no to at most a 2-fold preference for the 5D1
12-RS (Figure 4A, compare substrates 1 and 2). Replace-rearranges by inversion (Figure 1A; GenBank AE000663/
664/665). V4 (5) and V18 (3) are at opposite ends of ment of the J1.4 12 bp spacer with the 5D1 12 bp
spacer (J1.4:5DSPC 12-RS) maintained B12/23 re-the large V cluster, while V5.2 lies in an intermediate
location within the cluster. We tested the selected V striction and only resulted in a modest 5-fold increase
in rearrangement with the V14 23-RS (from 500:1 to23-RSs for rearrangement either with a 5D1 12-RS or
with a J1.4 12-RS (Figure 3A). V2 rearranged at an 100:1; Figure 4A, substrate 3). Significantly, substitution
of the J1.4 heptamer/nonamer with the 5D1 hep-overall level similar to V14, while V4, V5.2, and V18
rearranged at lower levels in the assay (Figure 3A), prob- tamer/nonamer (J1.4:5DHN 12-RS) largely, although
not completely, alleviated B12/23 restriction by drivingably because they have heptamer/nonamer sequences
that are more divergent from the consensus RS hep- a 50-fold increase in relative rearrangement with the
V14 23-RS (from 500:1 to 10:1; Figure 4A, substrate 4).tamer/nonamer sequence (Supplemental Table S1B at
http://www.immunity.com/cgi/content/full/18/1/65/ Substitutions using the 5D1 12-RS at the distal 12-RS
position to account for possible coding effects furtherDC1). Recombination by each V 23-RS was very
strongly biased toward the 5D1 12-RS, with ratios of confirmed that the 5D1 heptamer/nonamer, but not
the J1.4 heptamer/nonamer, support rearrangement5D1:J1.4 rearrangement ranging from approximately
500:1 for V2 and V14, 100:1 for V4, 50:1 for V5.2, and with the V14 23-RS (Supplemental Figure S2A at http://
www.immunity.com/cgi/content/full/18/1/65/DC1).5:1 for V18 (Figure 3A). Relative total rearrangement in
these substrates, as detected by PCR and Southern Replacement of the J1.1 and J1.2 heptamers/nona-
mers with the 5D1 heptamer/nonamer also conferredblotting, was highly reproducible in six independent ex-
periments. B12/23 restriction therefore holds in these an increased level of relative rearrangement (by 10- to
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Figure 4. Relative Contributions of RS Se-
quences and Coding Flanks to Beyond 12/23
Restriction
(A) Different hybrid 12-RSs in competition
with the 5D1 12-RS for the V14 23-RS.
Substrate 1 contains the wild-type J1.4 12-
RS with its native coding flank, while sub-
strate 2 contains a 5D1 12-RS attached to
the J1.4 coding flank. Substrate 3 replaces
the J1.4 12 bp spacer with the 5D1 12 bp
spacer, and substrate 4 replaces the J1.4
heptamer/nonamer with the 5D1 heptamer/
nonamer.
(B) Rearrangement by hybrid V14 23-RSs
with the 5D1 12-RS and the J1.4 12-RS.
Substrate 1 contains the wild-type V14 23-
RS with its native coding flank, while sub-
strate 2 contains a 3D1 23-RS attached to
the V14 coding flank. Substrate 3 replaces
the V14 heptamer/nonamer with the 3D1
heptamer/nonamer, and substrate 4 replaces
the V14 23-spacer with the 3D1 23-spacer.
(C) Multiple different trials for rearrangement
by the 3D1 23-RS attached to the V14 cod-
ing flank (substrate 2 in Figure 4B). The left
two control panels show rearrangement by a
3D1 23-RS attached to its native coding
flank.
25-fold), which was again accompanied by significant of the V14 23-RS (Supplemental Figure S2B at http://
www.immunity.com/cgi/content/full/18/1/65/DC1).alleviation of B12/23 restriction (data not shown). Thus,
the J1.4 12 bp spacer and heptamer/nonamer may Replacement of the V2 23 bp spacer with the 3D1
23 bp spacer diminished B12/23 restriction to a degreeboth function to enforce B12/23 restriction, although the
heptamer/nonamer appears to be the major factor in similar to that observed for the V14:3DSPC 23-RS
(Supplemental Figure S1A, substrates 1, 2, 5, and 6, atdoing so. We next assessed the relative contributions
of V14 sequences to B12/23 restriction. Attachment http://www.immunity.com/cgi/content/full/18/1/65/
DC1), while replacement of the V4 23 bp spacer withof the entire 3D1 23-RS onto the V14 coding flank
(V14:3DRS 23-RS) substantially, but not completely, the 3D1 23 bp spacer had no obvious effect (Supple-
mental Figure S1A, substrates 3 and 4, at http://www.lifted B12/23 restriction by increasing relative recombi-
nation with the J1.4 12-RS by about 50- to 100-fold immunity.com/cgi/content/full/18/1/65/DC1). Finally, re-
placement of both the V14 heptamer/nonamer with the(from 500:1 to 5-10:1; Figure 4B, substrate 2 and Figure
4C). Unlike the J1.4 12-RS coding flank, therefore, the 3D1 heptamer/nonamer and the J1.4 12 bp spacer
with the 5D1 12 bp spacer in the same construct didV14 23-RS coding flank did appear to effect a signifi-
cant degree of B12/23 restriction in multiple different not lift B12/23 restriction beyond that observed for re-
placement of the V14 heptamer/nonamer alone (Sup-trials (Figure 4C). Replacement of the V14 heptamer/
nonamer with the 3D1 heptamer/nonamer (V14:3DHN plemental Figure S1B, substrates 4 and 5, at http://
www.immunity.com/cgi/content/full/18/1/65/DC1), indi-23-RS) did not have a major effect on B12/23 restriction
(from 500:1 to 50:1; Figure 4B, substrate 3). Substitution cating that the 12 bp spacer and the 23-RS heptamer/
nonamer do not synergistically enforce B12/23 restric-of the V14 23 bp spacer with the 3D1 23 bp spacer
(V14:3DSPC 23-RS) significantly increased relative re- tion. Therefore, this set of experiments suggests that
aspects of the V14 23-RS coding flank, spacer, andcombination with the J1.4 12-RS (from 500:1 to 10-20:1)
but still maintained B12/23 restriction to a substantial heptamer/nonamer can influence B12/23 restriction of
V recombination to varying degrees. Most significantly,degree (Figure 4B, substrate 4). Substitutions using the
3D1 23-RS to account for possible coding effects also the influence of the V14 coding flank in maintaining
some bias toward rearrangement to the 5D12RS ver-confirmed that the 23 bp spacer of V14 is, in our sys-
tem, the dominant factor in mediating B12/23 restriction sus the J1.4 12-RS was confirmed by modeling this
Immunity
70
replacement in the endogenous locus (Wu et al., 2003; reduced (Figure 5B, substrate 4). Lastly, replacement of
the J1.4 12-RS with the 5D1 12-RS (leaving the J1.4see Discussion).
coding flank constant) directed RAG-mediated cleavage
to this distal position, reflecting the previous in vitroRecombinant Core RAG Proteins Establish B12/23
results (Figure 5B, substrate 5). Taking the inherent biasRestriction in a Cell-Free System
by the core RAGs toward the proximal 12-RS into ac-The experiments described above conclusively ruled out
count, the RAGs and HMG2 appear to be the only pro-a role for trans-acting lymphoid-specific factors (apart
teins required for the establishment of B12/23 restrictionfrom RAG1 and RAG2) in the establishment of B12/23
in an extrachromosomal context.restriction in transient substrates, raising the possibility
that B12/23 restriction is a direct consequence of physi-
Discussioncal constraints inherent in the recombination reaction.
To test if the observed B12/23 restriction is established
The RAG Proteins and RSs Establishat the level of RAG protein binding and/or cleavage, we
B12/23 Restrictionperformed coupled cleavage assays on body-labeled
We report that extrachromosomal TCR-based V(D)JPCR products amplified from selected substrates using
recombination substrates fully recapitulate B12/23 re-purified MBP-core RAG1, GST-core RAG2, and HMG2
striction of V(D)J recombination in nonlymphoid cells.as previously described (Fugmann et al., 2000b). In the
We have tested multiple combinations of V, D, andsubstrate with the V14 23-RS competing for two identi-
J RSs in our experimental system to confirm this find-cal 5D1 12-RSs, RAG-mediated cleavage was ob-
ing. Our transient transfection assays revealed that allserved at each RS position, consistent with our transient
tested V 23-RS nucleotide sequences (coupled to theirtransfection results (Figure 5A, substrate 1). Further-
immediately adjacent V coding flanks) showed dra-more, cleavage in substrates containing a V14 23-RS
matic B12/23 restriction with respect to relative abilitycompeting for a proximal 5D1 12-RS and either a distal
to rearrange to 5D versus J 12-RSs. In this regard,J1.1 12-RS or a J1.4 12-RS occurred predominantly
endogenous TCR locus transcription elements clearlyat the V14 23-RS and the 5D1 12-RS (95% and 98%
are not required for B12/23 restriction in our extrachro-of cleavages occur at the 5D1 12-RS, respectively;
mosomal recombination substrates. Moreover, the B12/Figure 5A, substrates 2 and 3). Swapping the position of
23 restriction is maintained with only RS substrates, thethe 5D1 12-RS and J1.4 12-RS resulted in cleavage
RAG proteins, and HMG2 in a cell-free system. Whileat the distal 5D1 12-RS, with little cleavage observed at
additional proteins theoretically could also function tothe proximal J1.4 12-RS (88% of cleavages occur at the
enhance or maintain B12/23 restriction in the endoge-5D1 12-RS; Figure 5A, substrate 4). To test whether
nous TCR locus, our results demonstrate that no otherV14 23-RS rearrangement consistently tracked with
factors are absolutely required for this process. Thus,the 5D1 12-RS regardless of coding flank (Sleckman
given equal accessibility, the basic ability of particularet al., 2000), we replaced the J1.4 12-RS with the 5D1
B12/23-compatible gene segments to rearrange with12-RS (leaving the J1.4 coding flank constant). This
one another is predetermined by their RS sequences.allowed RAG-mediated cleavage both at this position
B12/23 restriction is, therefore, likely enforced in largeand at the native proximal 5D1 12-RS (67% distal
part via physical constraints imposed by the interactioncleavage and 33% proximal cleavage; Figure 5A, sub-
of the RAG proteins with RS pairs.strate 5; see below), indicating that 12-RS identity is
critical in establishing B12/23 restriction. Thus, the in
vitro cleavage experiments with core RAGs largely mir- Sequence Determinants of B12/23 Restriction
We have assayed the relative contributions of the differ-ror the transient transfection results obtained with full-
length RAGs. The core and non-core RAG proteins are ent RS elements responsible for establishing B12/23
restriction in the transient recombination substrate. Thedifferent with respect to reaction efficiency and products
generated, suggesting that the non-core regions of V14 23-RS does not efficiently rearrange to the native
J 12-RSs as compared to the 5D1 12-RS (Figure 2B).RAGS may serve accessory functions in V(D)J recombi-
nation (Fugmann et al., 2000a; Sekiguchi et al., 2001). However, replacement of the J1.1, J1.2, and J1.4
heptamers/nonamers with the 5D1 12-RS heptamer/To confirm that the core RAG proteins used for the in
vitro study could mediate B12/23 restriction in vivo, we nonamer partially alleviated B12/23 restriction by in-
creasing relative rearrangement with the V14 23-RScotransfected substrates with plasmids driving expres-
sion of the same tagged core RAGs used in the in vitro (Figure 4A, substrates 1 and 3, and data not shown). As
5D 12-RS heptamers/nonamers resemble the consen-experiments. Surprisingly, we found that substrate re-
combination catalyzed by the core RAGs in vivo was sus heptamer/nonamer sequence more closely than do
J 12-RS heptamers/nonamers (Supplemental Tableslightly biased (approximately 5-fold in repeated experi-
ments) toward the proximal 12-RS, as evidenced by the S1A at http://www.immunity.com/cgi/content/full/18/1/
65/DC1), J 12-RS heptamer/nonamer pairs may havesubstrate containing a V14 23-RS competing for two
5D1 12-RSs (Figure 5B, substrate 1). As expected, been selected to be “crippled” with regard to direct
rearrangement with V 23-RSs. Mutational analyses inhowever, the V14 23-RS tracked with high fidelity to
the 5D1 12-RS when the 5D1 12-RS was placed in substrates have shown that consensus heptamer/non-
amer sequences drive the highest rates of V(D)J recom-the proximal position (Figure 5B, substrates 2 and 3).
Similarly, the V14 23-RS remained B12/23 restricted bination (Hesse et al., 1989). In addition, certain naturally
occurring sequence variations within heptamers/non-when rearranging with a distally placed 5D1 12-RS,
although the overall level of recombination was slightly amers influence V(D)J recombination efficiency from
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Figure 5. Beyond 12/23 Restriction in a Cell-
Free System
(A) Recombinant MBP-RAG1 and GST-RAG2
fusion proteins were expressed and purified.
Body-labeled substrates were amplified from
the respective plasmids by PCR, and the
cleavage reactions were performed using 1.5
mM Mg2. Cleavage products were analyzed
on a 4% polyacrylamide gel. The identity of
the bands is indicated to the right. Substrates
1–5 are the same as substrates 1–5 in Fig-
ure 5B.
(B) MBP-RAG1 and GST-RAG2 were cotrans-
fected with the respective substrates into
CHO cells and analyzed as in Figures 2–4. RSs
in the substrates are listed from top to bottom,
which corresponds to 5→3 in Figure 1B.
less than 2- to up to 6-fold (Feeney et al., 2000). In confer partial ability to rearrange to the J1.4 12-RS.
3D 23 bp spacers, therefore, likely maintain some in-contrast, the differences we observe in the context of
B12/23 restriction are as much as 500-fold and changes trinsic property that allows them to be more tolerant of
J 12-RSs in the context of particular 23-RSs. We notein the 12-RS heptamer/nonamer identity augment rela-
tive rearrangement by as much as 50-fold. that 3D 23 bp spacers are particularly A-T-rich at their
5 and 3 ends (Supplemental Table S1B at http://Although heptamer/nonamer identity plays a large
part in determining the ability of a 12-RS to recombine www.immunity.com/cgi/content/ full /18/1/65/DC1) ,
which might render 3D 23-RSs more permissive sub-with V 23-RSs, the heptamer/nonamer identity of V
23-RSs does not appear to greatly influence B12/23- strates for RAG-mediated recombination.
With regard to the contribution of coding flank se-restricted specificity of V recombination. In this regard,
the native V2 23-RS is unable to efficiently rearrange quence to TCR B12/23 restriction, we have previously
demonstrated that D and J coding sequences alonewith J 12-RSs, even though it contains a consensus
heptamer/nonamer (Figure 3A; Supplemental Table S1B do not establish this restriction (Sleckman et al., 2000).
Our present results similarly indicate that the J1.4 cod-at http://www.immunity.com/cgi/content/full/18/1/65/
DC1). Naturally occurring variations in 12-RS spacer se- ing flank has no or minimal contribution to B12/23 re-
striction. This observation is consistent with our previ-quences have been shown to generate modest differ-
ences in V(D)J recombination levels within the context of ous in vivo RS replacement, which demonstrated that
the 5D1 12-RS on a J1.2 coding flank targets Vconsensus heptamers/nonamers (Fanning et al., 1996;
Nadel et al., 1998). In addition, a naturally occurring rearrangement, albeit slightly less efficiently than when
on the D1 coding flank (Bassing et al., 2000). However,variation within the human V3 23-RS spacer appears
to influence V(D)J recombination efficiency by roughly we find that the 3D1 23-RS, when attached to the
V14 coding flank, drives recombination both to a 5D14-fold (Posnett et al., 1994). We have shown that substi-
tution of the 3D1 23-RS spacer for some V 23-RS 12-RS and to a J1.4 12-RS, although the 5D1 12-RS
reproducibly remains preferred by 5- to 10-fold (Figurespacers can render B12/23 restriction less absolute and
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4C). The V14 coding flank therefore maintains an ap- ical studies of the RAG proteins, have been carried out
with truncated “core” regions of the RAG proteins, whichparent bias for the 5D1 12-RS over a J 12-RS, even
when driven by the 3D1 23-RS to rearrange in a non- have been defined as the minimal regions required to
support V(D)J recombination in extrachromosomal sub-B12/23-restricted manner. Strikingly, we have con-
firmed this unanticipated finding in vivo. Thus, a hybrid strates (Silver et al., 1993; Sadofsky et al., 1993, 1994;
Cuomo and Oettinger, 1994). However, previous studiesV14 gene segment, in which the V14 23-RS has been
replaced with the 3D1 23-RS, still prefers the 5D1 have shown that the non-core regions of the RAGs are
important for efficient recombination (Roman et al.,12-RS 5- to 10-fold versus the J 12-RSs (Wu et al.,
2003). Therefore, both transient transfection and endog- 1997; McMahan et al., 1997) and for normal processing
of rearrangement products (Steen et al., 1999; Sekiguchienous RS replacement experiments suggest that V
coding sequences may contribute to the enforcement et al., 2001). In this regard, recombination catalyzed by
MBP-core RAG1 and GST-core RAG2 does introduce aof B12/23 restriction. All the V 23-RSs we assayed
were B12/23 restricted in plasmid substrates. B12/23 slight position bias toward the proximal 12-RS in our
transient substrates; however, the overall trend of ourrestriction appeared nearly absolute (50-500:1) for all
tested V 23-RSs except V18 (5:1). However, even the in vitro results clearly identifies the RAGs and HMG as
being sufficient to establish a significant degree of B12/V18 23-RS still significantly preferred the 5D1 12-RS
to the J1.4 12-RS (Figure 3A). Overall, the ratios by 23 restriction.
which the different V 23-RSs prefer the 5D1 12-RS
over the J1.4 12-RS in our assays are fully sufficient Implications for Genetic Determination of Primary
to account for the observed B12/23 restriction of V Antigen Receptor Repertoires
gene segment rearrangement in vivo. Thus, we conclude The RAG proteins and RSs together are sufficient to
that, at the level of accessible DNA, B12/23 restriction establish B12/23 restriction, the end result of which is
of V(D)J recombination can be effected via specific, pro- the consistent utilization of the D gene segment. Given
ductive interaction of the V 23-RSs with the 5D 12- the high level of conservation from mouse to human
RSs, and lack of such interaction with the J 12-RSs. observed within 5D 12-RS and 3D 23-RS sequences
(Supplemental Table S1 at http://www.immunity.com/
cgi/content/full/18/1/65/DC1), it is plausible that DRSsRAG and HMG Proteins in B12/23 Restriction
Establishment of B12/23 restriction in a minimal cell- have persisted through evolutionary time to ensure in-
clusion of D gene segments within assembled TCRfree system, with only the tagged core RAG proteins
and HMG2 present, provides direct evidence that this genes. With respect to the possibility of direct D1-D2
gene segment joining, our findings demonstrate thatrestriction occurs at the level of RAG-mediated RS rec-
ognition, binding, and cleavage. Our finding that B12/ there is no sequence-specific block to rearrangement
between the 3D1 23-RS and the 5D2 12-RS (Figure23 restriction is cemented during the RAG cleavage re-
action is in accord with a recent in vivo analysis of 2C, substrate 2). Furthermore, the native 3D1 23-RS
rearranges roughly equally to both a 5D2 12-RS andmutant TCR loci, which found that the generation of
double-strand breaks in developing T lymphocytes un- a J1.4 12-RS (Figure 2C, substrate 2). It is therefore
reasonable to assume that a significant fraction (roughlydergoing V(D)J recombination are B12/23 restricted (Till-
man et al., 2002). The level of B12/23 restriction detected 1/7) of D1 rearrangements into the DJ2 cluster will
contain D1-D2 fusions, assuming that such joins areby our biochemical assay is roughly 10-fold lower than
that observed in our transfection assay (compare Fig- not prevented by accessibility constraints in vivo. In this
regard, D1-D2 joins in both murine and human TCRures 3A and 5A, substrate 3). In this regard, we note
that the transfection assay allows for a greater dynamic loci have been reported (Concannon et al., 1986; Kimura
et al., 1986; Uematsu et al., 1988; Ferradini et al., 1991).range of detection, although it is also possible that an
additional factor in CHO cells cooperates with the RAG The data presented in this study build on previous
transient substrate experiments that have addressedproteins to generate the full level of B12/23 restriction
observed in vivo. The mechanistic basis of the 12/23 the role of RSs in determining properties of antigen
receptor gene rearrangement. These include differentialrule has not yet been established. However, it appears
to be imposed both by preferential synapsis and by V segment utilization (reviewed in Feeney et al., 2000)
and characteristic patterns of DH-JH joining (Gauss andmore efficient cleavage of a 12/23 RS pair, as compared
to 12/12 or 23/23 RS pairs (Hiom and Gellert, 1998; Lieber, 1992; VanDyk et al., 1996; Pan et al., 1997). In
addition, in vitro studies with the core RAG proteinsWest and Lieber, 1998). Ordered assembly by the RAG
proteins, characterized by binding first to the 12-RS and have demonstrated that human VH 23-RSs (Yu et al.,
2002) and murine J 12-RSs (Livak et al., 2000) are sub-incorporating the 23-RS afterward, may also contribute
to enforcement of the 12/23 rule (Jones and Gellert, ject to different levels of cleavage that appear to be
genetically determined. Our present findings go beyond2002). The B12/23 restriction may similarly involve or-
dered assembly, preferential synapsis, and enhanced these earlier studies by demonstrating that B12/23 re-
striction, which prevents direct V to J gene segmentcleavage of certain RS pairs by the RAG proteins. Be-
cause the HMG1/2 proteins play important roles in the recombination despite their 12/23 compatibility, can be
determined largely or completely by primary RS se-formation of synaptic complexes containing two RSs
and in enforcing the 12/23 rule (reviewed in Fugmann quences and V 23-RS coding flanks. That 3D 23-RSs
rearrange efficiently with J 12-RSs, while V 23-RSs doet al., 2000a), they may also contribute to the establish-
ment of B12/23 restriction. not, ensures that V gene segments will be consistently
targeted to DJ complexes, even though other availableOur in vitro cleavage experiments, as with all biochem-
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reactions were performed using 1.5 mM Mg2, and the resultingJ 12-RSs in the cluster may remain accessible during
products were separated on a 4% polyacrylamide gel (Fugmann etV to DJ joining. Further studies of the different hard-
al., 2000b).wired functions mediated by RS sequences and coding
flanks may shed additional light on other controls on Acknowledgments
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